Abstract-In this paper, coupled inductor method in parallel operation of PCS is proposed. In coupled inductor the primary and secondary currents flow in the same direction, the total flux total inductance is cancelled. However, when the currents flow in the opposite direction, each flux becomes an individual inductor. Aforementioned characteristic is adopted in parallel operation of PCS. Abnormal current is blocked by coupled inductor which is barred to connect grid code. A design guide is suggested by PCS's capacity and the circulation current duration time. The proposed design is verified through the hardware implementation and experimental results that show the effectiveness of variance reduction.
INTRODUCTION
In recent years, power conditioning systems (PCSs) have been widely used in renewable systems. In particular, new and renewable energy sources such as photovoltaic (PV), fuel cell (FC) generation and batteries are of the DC source type. Hence, these sources should have a PCS in order to convert AC to DC.
In a PCS, the inverter input voltage is always higher than the peak grid voltage. However, most well-known and prospective energy sources provide a low-voltage DC output. A one-stage PCS consists of an inverter and a transformer. This system can achieve galvanic isolation and solve the output voltage difference by a turn ratio. Although the transformer has some advantages, transformerless-type systems are recently preferred because residential solar PCS applications are required to deal with specific issues such as high efficiency and low cost. Therefore, a PCS is needed to convert the energy sources to a higher voltage DC before changing it to AC for grid tie applications without a transformer. This is accomplished by a two-stage PCS in Fig. 1[1] , [2] . The first stage is the boost stage, which requires a step-up DC-DC converter with a low-voltage DC input. The second stage involves a DC-AC inverter for the grid connection. Given that the two-stage PCS has a high efficiency and low volume, it is commercially more preferred [3] , [4] .
To add capacity to the PCS, a multi-unit system is operated synchronously in parallel. Each unit of a multi-unit PCS has a controller; hence, a parallel PCS does not always operate exactly at the same time. Connecting inverters in parallel can cause a circulating current, which can damage the system or power sources. A triport transformer was proposed to prevent circulating currents by phase-difference compensation in a stand-alone PCS such as a UPS [5] . In the case of a grid connection, a multi-winding transformer is used in commercial products to prevent circulating currents [6] . However, as mentioned above, the transformer-type system has more disadvantages; therefore, a transformerless-type system should be adopted in a multi-unit application as possible. For parallel circulation current suppression, a voltage control method has been proposed in [7] ; however, this method is not suitable for all situations. The grid-connected PCS controller receives phase data from the mother grid and generates an output phase; however, there is a tiny controller time gap. This tiny output phase gap causes the circulating current and an instantaneous surge and dip in the initial current. The coupled inductor was adopted to solve the current problem in [8] ; however, it was not grid tied application. Fig.2 shows several utility waveform related to the power quality, and many reasons can affect the power quality. Some of distortions may come from power electronics. Some of surge and dip come from initial interconnection and the high speed dv/dt, di/dt events [9] , [10] . Lots of regulation standards specify the interconnection requirement of distributed generation units in power system. Those The object of this paper is to propose the interconnection surge elimination method using a coupled inductor which is adopted in the grid-connected PCS. The proposed method following advantages: 1) the circulation current is suppressed.
2) The PCS reconnection condition is made smoothly, which is newly enacted in international grid code. Analysis and experimental results in two 3 kW PCSs are presented in this paper to confirm the proposed the coupled inductor method.
II. PARLLEL PCS OPERATION AND DESIGN

A. Coupled Inductor
The coupled inductor has two windings, which are the primary and secondary windings as shown in Fig.3 . When the primary and secondary currents flow in the same direction, the total flux in the core has the opposite polarity. Hence, the total inductance is cancelled. However, when the currents flow in the opposite direction, each flux becomes an individual inductor. As a result, the total flux is greater than either individual flux. The impedance of the coupled inductor is reduced when the output vectors of the parallel inverters are perfectly synchronized.
However, a transient difference in the outputs leads to a higher inductance. As a result, the large inductance blocks the instantaneous inrush current.
B. Coupled Inductor in Parallel PCS
Two types of PCSs are connected with a coupled inductor, as shown in Fig. 1 . The two PCSs are equivalent to two ideal voltage sources V pcs1 and V pcs2 , respectively, with their equivalent output impedances L pcs1 and L pcs2 . A load is connected between the PCS and the grid. The PCS controls the regenerable source to the grid. All of the current is supposed to be supplied by the PCS, as shown in Fig. 4 .
Using magnetic coupled circuit theory, the inductance voltage is given by 
In the ideal case, the PCS output voltage and the load voltage are equal, i.e., the two PCSs generate the same current. In this case, the mutual inductance is the same as the selfinductance. Consequently, the voltage drop is zero owing to the additional coupled inductor.
C. Circulation current analysis
During the daytime, PV generates the power to the AC grid through the PCS. In Fig. 3 
In the parallel system, the current can flow another PCS not a load, when PCS output voltage vector difference is occurred. At this time the circulation current is obtained as 
The circulation current is determined by the voltage vector and the output impedances. Hence, additional inductance can reduce the circulation current even if a voltage vector difference occurs.
D. Coupled Inductor Design
The inductance of the coupled inductor must be designed to decrease the instantaneous surge in the circulation current. The design concept should consider the worst condition-that of peak current and a phase difference of 180° when the PCS is reconnected after failure. The current become an impulse in microseconds. The time duration one is this short term duration. The 't 1 ' indicates this time duration. The additional inductor makes the duration longer than before. It is the time duration two. The 't 2 ' indicates this milliseconds time duration. These can be expressed as 
I t i dt
Further, as mentioned above, the voltage phase difference affects the current which is obtained as 
Therefore, the one inductance of the coupled inductor pair can be obtained as 1 cos cos sin cos .
The PCS peak current is determined by the capacity of the system. Thus, the peak current for a 3-kW system is approximately 18 A when the grid condition is 220 V RMS .
The surge current remains 0.05 ms (i.e., t1). In order to decrease the current, this duration is extended to 4ms (i.e., t2). Hence, the inductance of L C1 can be obtained as 
E. Coupled Inductor Geometry and material Design
The soft magnetic material cores are widely used at the power conversion application, which results in greater compactness and less weight of PCS. The core loss factor is very important factor for the energy transfer system. Metal powder material is the highest grade core loss factor. However the cost factor should be considered for the mass production. Hence, considering the cost factor the improved silicon (Si) steel "JNHF-Core" is chosen for the inductor core material. Conventional Si steel contents 3.5% or less. The chosen material contents 6.5% which has lowest core loss and maximum permeability. Table 1 describes inductor design parameter for PCSs. The volume of inductor is related to the area product A p that is the product of its window area W a and core cross section A c as shown in Fig. 5 . The area product can then be obtained by determining the inductance, material factors, and apparent power as The out-of-phase situation at the point of common coupling (PCC) is PCS reconnection after failure. The waveform in Fig.  8(a) shows the reconnection of PCS2 while operating PCS1. At this time, the reconnected current is not zero; hence, the power increases instantaneously to a high level and the PCC voltage is changed. After the coupled inductor is installed, the circulating current is significantly reduced, as shown in Fig.  8(b) .
IV. CONCLUSION
A coupled inductor connection is proposed for parallel PCS operation to achieve better output performance. The important results are summarized as follows: 1) Parallel PCS operation differs from the operation of a single system. The total system is influenced by one of the PCSs operating abnormally. Consequently, the output phase is not synchronized with the grid. That circulation current can damage the PCS.
2) The coupled inductor design guide is suggested by PCS's capacity and the circulation current duration time.
3) The sum of the output surge is reduced by 87%. Reduction in the surge during reconnection is demonstrated.
Parallel single-phase 3-kW PCSs have been fabricated and tested in various situations to demonstrate the performance with the proposed method. The results indicate an 87% the circulation current compensation for the studied case. Thus, adding the coupled inductor is well justified for improving the performance. The drawback of implementing the proposed system is the need for an additional inductor that tends to increase the size and cost of the system. Further improvements can be directed toward the compensation control method during the vector difference duration. Reflection in the output impedance variation in the inverter current controller gain improves the current quality during that time
